The barrier functions of myocardial precapillary arteriolar and postcapillary venular walls (PCA or PCV, respectively) are of considerable scientific and clinical interest (regulation of blood flow and recruitment of immune defense). Using enzyme histochemistry combined with confocal microscopy, we reexamined the cell architecture of human PCA and PVC and reconstructed appropriate in vitro models for studies of their barrier functions. Contrary to current opinion, the PCA endothelial tube is encompassed not by smooth muscle cells but rather by a concentric layer of pericytes cocooned in a thick, microparticlecontaining extracellular matrix (ECM) that contributes substantially to the tightness of the arteriolar wall. This core tube extends upstream into the larger arterioles, there additionally enwrapped by smooth muscle. PCV consist of an inner layer of large, contractile endothelial cells encompassed by a fragile, wide-meshed pericyte network with a weakly developed ECM. Pure pericyte and endothelial cell preparations were isolated from PCA and PCV and grown in sandwich cultures. These in vitro models of the PCA and PCV walls exhibited typical histological and functional features. In both plasma-like (PLM) and serum-containing (SCM) media, the PCA model (including ECM) maintained its low hydraulic conductivity (LP ϭ 3.24 Ϯ 0.52 · 10 Ϫ8 cm·s Ϫ1 · cmH2O Ϫ1 ) and a high selectivity index for transmural passage of albumin (SIAlb ϭ 0.95 Ϯ 0.02). In contrast, LP and SIAlb in the PCV model (almost no ECM) were 2.55 Ϯ 0.32 · 10 Ϫ7 cm·s Ϫ1 · cmH2O Ϫ1 and 0.88 Ϯ 0.03, respectively, in PLM, and 1.39 Ϯ 0.10 · 10 Ϫ6 cm·s Ϫ1 · cmH2O Ϫ1 and 0.49 Ϯ 0.04 in SCM. With the use of these models, systematic, detailed studies on the regulation of microvascular barrier properties now appear to be feasible.
pericytes; coronary system; tissue factor; endothelial cells; inflammation THE EXTENSIVE HISTOLOGICAL literature presents an apparently clear picture with respect to the structure of myocardial arterioles: while those with a diameter Ͼ20 m (muscular arterioles) consist of an inner tube of continuous endothelium surrounded by two or more concentric layers of smooth muscle cells (SMC), the far more frequent precapillary arterioles (endarterioles) have only one layer of SMC encompassing the endothelial core tube (28, 64) .
Given not only the large numbers, but also their outstanding sensitivity to numerous vasoactive hormones and neurotransmitters and their far greater surface area in contact with the blood and interstitial fluid, the precapillary arterioles represent especially prominent controlling elements in the regulation of myocardial blood flow (21, 24, 29) . In this context, endothelially mediated mechanisms (60) play a key functional role, although the fundamental details of these mechanisms are still incompletely understood. It has long been known, for instance, that a variety of vasoactive substances, all very hydrophilic (e.g., acetylcholine), act as vasodilators when present intraluminally but as vasoconstrictors when in direct contact with the SMC. This seemingly paradoxical effect finally led to the discovery of endothelium-derived relaxing factor (EDRF), a soluble autacoid of initially unknown structure (16, 47) . Clearly, if luminally present hydrophilic vasodilators cannot mediate their vasodilatory effect on the SMC by themselves, their access to these cells must be prevented by a dense, probably partly hydrophobic tissue barrier, while access of EDRF must be allowed. Although EDRF was subsequently identified as the small lipophilic and therefore extremely rapidly diffusible gas molecule nitric oxide (6) , the properties of the intramural diffusion barrier remained undefined. In any event, from the extensively studied structure of the complex blood-brain barrier, it is clear that the endothelial tissue layer alone is not an effective structural barrier to the diffusion of small hydrophilic substances from the blood into the interstitium, even when the respective continuous endothelium is characterized by well-organized and numerous tight junctions like the endothelium of the brain in all the microvascular provinces of this complex organ (9) .
The capillaries aborizing from the endarterioles merge with the venous capillaries and the latter form the tributaries of the myocardial postcapillary venules. The continuum of this enormously extended postcapillary venular system (22, 33, 35, 44, 75) in muscular tissue has a surface area in contact with the blood that is at least as large as that of the arterial capillary networks. In a 250-g human heart, for instance, the total capillary surface area is ϳ13 m 2 (recalculated from Ref. 4 ). While the arteriolar capillary limb subserves the exchange of low-molecular-weight solutes and gases between the intravascular and interstitial spaces, the endothelial exchange area of the postcapillary venular system is generally designed for the rapid recruitment of the large protein molecules and cellular components of the immune system from the blood into inflamed areas (1, 25) . Indeed, postcapillary venules have a particularly responsive endothelium [postcapillary venular endothelium (PVE)] that, shortly after contact with inflammatory mediators, alters its typical morphology (68) characteristically, finally closely resembling the "high venular endothelium" in the lymph nodes (58) . In parallel, the intercellular junctions of the activated PVE, already relatively loose compared with those of the arterioles (12) , open widely under the influence of certain inflammatory mediators. Given a thin venular basement membrane (72) , and that the subendothelial pericytes, particularly numerous in the venules (69) , form only a widely meshed net, even high-molecular-weight plasma proteins can be flushed into the interstitium, resulting in inflammatory edema (25) and often also interstitial fibrin clots. The activated PVE, moreover, expresses a multitude of adhesion molecules (42, 51, 55) to which blood leukocytes adhere and initiate their diapedesis.
Although detailed investigation of precapillary arteriolar and postcapillary venular barrier functions is clearly of considerable basic and clinical interest, their direct investigation is restricted in intact heart tissue due to the severely limited experimental access. On the other hand, the substantial advances in the investigation of the blood-brain barrier (5, 45) show that considerable progress in the elucidation of vascular barrier functions can be achieved using appropriate in vitro models constructed by cultivating defined wall tissues of specific microvascular segments in "sandwich style" (50, 76) .
We therefore developed new methods for the selective isolation of bulk amounts of human myocardial precapillary arterioles and postcapillary venules, reinvestigated their cell architecture, and developed suitable in vitro models for the quantitative investigation of the barrier functions of the respective microvascular walls. Contrary to current opinion, the endothelial tube of the most important resistance vessels of the heart, the precapillary arterioles, is encompassed not by SMC but rather by a concentric layer of pericytes cocooned in thick, microparticle-containing extracellular matrix (ECM). The latter contributes substantially to the tightness of the precapillary arteriolar vessel wall. In fact, initial in vitro studies showed that the precapillary arteriolar wall model is characterized by a remarkably low hydraulic conductivity (L P ) and high albumin transport selectivity regardless of the incubation conditions chosen. The venular model, in contrast, increased its L P rapidly and lowered its albumin transport selectivity substantially on exposure to inflammatory mediators, which are naturally always present in serum-containing media.
MATERIALS AND METHODS

Materials
Polymorphoprep was obtained from Axis-Shield (Oslo, Norway); Biseko, a commercially available plasma derivative free of isoagglutinines and coagulation factors was from Biotest AG (Dreieich, Germany); Transwell polyethyleneterephthalat culture devices with a surface area of 4.5 cm 2 , a pore size of 0.4 m, and a pore density of 10 8 /cm 2 were from Corning (Corning, NY); Percoll was from GE Healthcare Europe (Freiburg, Germany); DMEM, FCS, streptomycin, penicillin, balanced salt solution (BSS), PBS, trypsin/EDTA, and human endothelial serum-free media (SFM) basal growth medium were from Invitrogen (Karlsruhe, Germany); secondary antibodies (highly cross-adsorbed, if available) conjugated with Alexa Fluor 488 or 546, and DiI-acLDL were from Molecular Probes (Eugene, OR); endothelial cell growth medium (ECGM) was from Promocell (Heidelberg, Germany); collagenase B and dispase II were purchased from Roche Diagnostics (Mannheim, Germany); antibodies against ␤-receptor for platelet-derived growth-factor, NG2, and VE-cadherin were from Santa Cruz (Heidelberg, Germany); anti-human CD 31 [platelet endothelial cell adhesion molecule (PECAM), mouse monoclonal] was obtained from Serotec (Oxford, UK); Ficoll 70, gly-Pro-4-methoxy-␤-naphthylamide, Fast blue B, naphthol-AS-MX-phosphate dinatrium salt, Fast Blue BB ½ ZnCl 2, Fast Red TR, endothelial-SFM basal growth medium, highly purified BSA, anti-␣-smooth muscle actin (murine monoclonal IgG, clone 1A4), and anti-von Willebrand factor antigen (rabbit polyclonal) were purchased from Sigma (St. Louis, MO); anti-human tissue factor (TF; polyclonal rabbit) was from American Diagnostica (Stamford, CT); and nylon membrane filters (90-mm diam., 20-m pore size) were obtained from Sterlitech (Kent, WA).
Solutions
All weight percentages refer to wt/vol. Solutions were as follows: 1% BSA in PBS (PBS-A); BSS (in mM): 140 NaCl, 5.4 KCl, 1.0 NaH 2PO4,, and 0.8 MgSO4; Ca 2ϩ -free Ringer solution (in mM): 127 NaCl, 4.6 KCl, 1.1 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 7.6 glucose, 2 pyruvate, 10 creatine, 20 taurine, 5 ribose, 2 aspartic acid, 2 glutamic acid, 1 arginine, and 0.5 uric acid, equilibrated with 95% CO2-5% O2; and protease solution: 0.09% collagenase B, 0.012% dispase II (Roche), and 0.2% highly purified BSA. These proteins were dissolved in Ringer solution and subsequently sterilized by filtration through a sterile filter (pore size of 0.22 m); mixed culture medium: mixture of equal volumes of DMEM and ECGM, adjusted to 6% (vol/vol) FCS and supplemented with 200 U/ml penicillin and 0.2 mg/ml streptomycin; human endothelial culture medium: human endothelial SFM basal growth medium supplemented with 10% FCS (vol/vol), 200 U/ml penicillin, 0.2 mg/ml streptomycin, 1 g/ml fibronectin, 10 ng/ml EGF, and 20 ng/ml FGF; filtration medium: 7 vol serum-free ECGM mixed with 3 vol Biseko. Before use, the latter was dialyzed extensively against freshly prepared human citrate plasma supplemented with 10.000 U/ml penicillin and 10 g/ml streptomycin. Finally, the dialysate was adjusted to a concentration of free calcium ions of 4 mM, centrifuged for 1 h at 15.000 g, and filtered freshly before use (pore size 0.22 m).
Methods
Human cell and tissue preparations. All experiments with human cells and tissues were performed after obtaining the written informed consent of the patients and approval of the ethics committee of the Ludwig-Maximilians-University (LMU) of Munich according to the principles expressed in the Declaration of Helsinki.
Histological techniques. FIXATION. Collected vascular segments obtained after filtration of proteolytically dispersed ventricular tissue were spread on the bottom of Petri dishes. After ϳ30 min attachment in the incubator, they were fixed according to the desired purpose. For tissue fixation before immunohistochemistry, tissue cultures were prefixed for 2 min at room temperature by immersion in 0.5% glutaraldehyde/4% paraformaldehyde (PA) in PBS, stored at least overnight in PA at 4°C, permeabilized with 0.1% Triton X-100 and 0.1% Tween 20 in PBS for 30 min, washed with PBS, and incubated for 10 min with a 1% solution of NaBH 4 to remove free carbonyl groups. For tissue fixation before enzymehistochemistry, cell cultures were treated for 2 min with PA followed by three washings in PBS.
STAINING. For immunohistochemistry, a minimum of six specimens were analyzed per study, and the conclusions drawn were representative of all samples tested. Specimens were incubated with antibody solution in PBS with 3% BSA (at 37°C for 1 h). For washing steps, PBS with 1% BSA and 0.1% Triton-X-100 was used. For double staining, primary antibodies of different species could be used together with appropriate secondary antibodies. For TF visualization, a tertiary antibody directed against the secondary antibody (both AlexaFluor 488-coupled) was necessary. Negative controls, omitting primary antibody, were made for each antibody and protocol. For enzymehistochemistry, alkaline phosphatase (AP) activity [EC 3.1.3.1.] was visualized in briefly fixed samples (see above) after overnight incubation in the dark with continuous gentle shaking at 4°C in freshly prepared and sterilely filtered, ice-cold reaction mixture containing 3 mM naphthole ASMX-phosphate and 1 mM Fast Blue BB or 1 mM Fast Red TR (for confocal microscopic demonstration of AP) in veronal buffer pH 9.0. Dipeptidyl aminopeptidase (DAP) IV (CD 26) [EC 3.4.14.1] was visualized similarly following incubation in the mixture: 4 mg gly-pro-4-methoxy-␤-naphtylamide resolved in 20 l dimethylformamide, dissolved in 10 ml ice-cold BSS, and added to 4 mg Fast blue B . For demonstration of DiI-Ac-LDL uptake, uptake cell cultures were incubated in DMEM with 1% FCS and 10 g/ml DiIacLDL for 5 h at 37°C. After this time, the cultures were washed and fixed.
Negative controls, omitting primary antibody, were made for each antibody and protocol.
MICROSCOPY. Specimens were inspected by bright-field, phasecontrast, and fluorescence microscopy using Dialux and Diavert microscopes (Zeiss, Göttingen, Germany). Stained preparations of single arterioles and venules were also imaged by confocal microscopy using a laser-scanning confocal fluorescence microscope (TCS NT, TCS SP2; Leica, Heidelberg, Germany). Pictures were taken with a ϫ40 oil objective, NA 1.4, at a resolution of ϳ200 nm per pixel. Dual-channel images of FITC and of rhodamine or Fast-red-TB fluorescence were recorded sequentially at 488 nm excitation/525-550 nm emission and 568 nm excitation/Ͻ590 nm emission, respectively. Z series were collected at 0.5-to 1-m optical sections taken through the specimen. Image stacks were processed using Metamorph v. 6.1 software (Universal Imaging, Ypsilanti, MI). Brightness and contrast were enhanced as needed, and maximum intensity projections were generated for visualization.
Proteolytic disintegration of left ventricular myocardium of adult human hearts. Myocardial cells and microvessels from isolated perfused left ventricles of human donor hearts (originally intended for transplantation but rejected due to delayed transport or visible lesions) were isolated proteolytically under strictly controlled aseptic conditions as outlined in the protocol (see Fig. 2 ) and using the experimental approach as described in principle earlier (53) . Isolated ventricles were perfused via their coronaries for 10 min at 37°C with modified, Ca 2ϩ -free Ringer solution gassed continuously with carbogen. Perfusion was continued with protease solution for 30 min. Already during this digestive period, fragments of postcapillary venules were isolated online during the continuous centrifugation of the circumfused protease solution using the custom-built high-resolution cell-separation centrifuge equipped with a flow-through rotor. The centrifuge (see Fig. 3 ) was developed in technical cooperation with E. Bühler (Hechingen, Germany). After being sectioned with a sterile razor blade (pieces 3 ϫ 3 mm), ϳ3 g of the already very smooth myocardial tissue were suspended in 20 ml Ringer solution and gently homogenized by automated pipetting. For further methodological details, see Fig. 2 .
Purification of arterioles by percoll density centrifugation. Precapillary arterioles and, infrequently, also venular segments were obtained after Percoll density-gradient centrifugation of the crude preparation of microvessels in zones of the gradient with buoyant densities around 1.050 Ϯ 0.005 or 1.058 Ϯ 0.004 g/cm 3 , respectively ( Fig. 1 ; also see Fig. 3 ).
Vascular organ culture and preparation of sandwich cultures of constituent precapillary arteriolar or postcapillary venular wall cells. Isolated precapillary arteriolar segments were first cultivated for 4 days in mixed culture medium. The cultures were then incubated to confluence in human endothelial culture medium. Cell and vessel fragments of venular origin were cultivated from the beginning to confluency in mixed medium. Homogeneous cell colonies of EC or pericytes of arteriolar or venular origin were obtained from the primary cultures by scratching or incubation with dispase II solution (for details see the time-lapse video of the typical growth behavior of the two cell types in Supplemental Data; Supplemental Material for this article is available online at the Am J Physiol Heart Circ Physiol website; also see Fig. 7 ). Sandwich cultures of EC and pericytes of precapillary arteriolar (SC-PAO) or postcapillary venular origin (SC-PVO) were established using essentially the technique described by Nakagawa et al. (50) . Purified EC were detached with a minimum amount of trypsin/EDTA, diluted with a 10-fold higher volume of mixed medium, seeded into Transwell inserts (specifications see Materials; ϳ10 5 cells/cm 2 ) and cultured under standard conditions in mixed culture medium (37°C, PCO2 of 40 mmHg). One day later, small numbers of the corresponding arteriolar or venular pericytes (ϳ10 3 cells/cm 2 ) were seeded onto the lower surface of the respective polyethyleneterephthalat membranes. After 4 days (analogous culture conditions), the EC had reached confluence; the inserts were then transferred to the custom-built, autoclaved filtration devices (see Fig.  8B ) filled with prewarmed filtration medium. Before the filtration studies, the cultures were adapted for 2 days to this medium (37°C), and to seal the intercellular junctions appropriately, SC-PVO were kept under a hydrostatic holding pressure (no flow) of 2.5 cmH 2O (PCO2 of 46 mmHg) and SC-PAO under 10 cmH2O (PCO2 of 40 mmHg). The subsequent filtration studies (filtration medium unchanged) were performed on such cultures under analogous conditions.
Measurement of the hydraulic conductivity L P and the selectivity of sandwich barriers for albumin transport. Transendothelial flow through the microvascular sandwich cultures was measured continuously using an electronic balance (type: ultramicro-ME; Sartorius, Göttingen, Germany) and recorded online. The selectivity of albumin transport was measured according to Suttorp et al. (66, 67) with minor modifications. In brief: since it could not be distinguished with certainty between convection and diffusion of [ 14 C]albumin, we defined an index of transport selectivity of the sandwich cultures (SI), which was calculated every 5 min on the basis of the 3 H2O-and [ 14 C]albumin activities in the upper and lower compartments (67) . The SI against [ 14 C]albumin in the course of filtration experiments was calculated as follows: SI ϭ 1 Ϫ (A/B) ϫ (D/C), where A and C were the differences (in cpm/100 l) in the [
14 C]albumin and 3 H2O activities, respectively, in the lower compartment of the system between times x and x ϩ 5 min, multiplied by the volume of the lower compartment and B and D were the sums (cpm/100 l) of the [ 14 C]albumin and 3 H2O, activities respectively, in the upper compartments at the same times, divided by 2 (66) . The quotient A/B reflected the albumin clearance and C/D the water clearance, whereby the latter comprised diffusive and convective parts. Practical experiments were initiated by mixing 4 ml filtration medium containing 125 nCi 3 H2O and [
14 C]albumin, respectively, and 1 ml 25% (wt/vol) Ficoll 70 solution (prepared with filtration medium). The radioactive solution was slowly underlayered under the filtration medium over the culture, and the measurements were started.
Statistical Analysis
All data are presented as means Ϯ SE.
RESULTS
Distribution of AP and DAP IV in the Myocardial Microvasculature
The ecto-enzymes AP and DAP IV have long been accepted as reliable markers of myocardial capillaries and have been employed in the past to determine capillary density in animal models under various conditions (10) . Figure 1 shows representative left-ventricular myocardial sections and a topographical sketch (1,200 specimens from 18 patients were investigated; results were consistent in all preparations). AP was already present in the aortic intima (Fig. 1A) . Directly below the endothelium a second intimal cell layer could be seen, which expressed this enzyme on the entire circumference. Similar results could generally be documented in the intima of the larger coronary branches (Fig. 1 , B and C) as well as in that of the ever smaller arteries (Fig. 1D ) that finally approached the myocardial muscle fiber bundles as "feed arteries" in the connective tissue septa (Fig. 1E) . AP was also detectable along all branching orders of the true myocardial arterioles (Fig. 1F ) and further downstream with diminishing intensity to about half the length of the extensive myocardial capillary networks (Fig. 1G) . We identified five orders of branching of these microvessels, whereby the fifth-order arterioles, representing the precapillary arterioles of the coronary vasculature, showed a continuous transition into capillaries.
The distribution of DAP was the converse of that of AP. This enzyme first appeared in the venous limb of the capillary networks, with the intensity increasing in the downstream direction ( Fig. 1, H 
-K).
Resembling ginger roots with their dozens of inflowing capillaries, these smallest venous collecting vessels (length: 50 Ϯ 7 m; n ϭ 25) bend almost perpendicularly away from the plane of the inflowing capillaries ( The strategic location of an AP-positive inner tube in all coronary arteries, as indicated in the sketch in Fig. 1 , and the highly specific demarcation of DAP in the postcapillary venular conglomerates gave cause for extensive further consideration. As a prerequisite for more detailed histological investigations and the development of reliable in vitro models of the respective microvascular segments, we first developed methods for isolating pure preparations of the different myocardial microvessels.
Gentle Proteolytic Dissociation of Native Ventricular Myocardium to Yield Mostly Undamaged Microvascular Networks or Venular and Arteriolar Segments
The protocol shown in Fig. 2 was the result of extensive optimization studies in which a large variety of solutions, processes, and time courses were tested and compared systematically. On the basis of the technical scheme in Fig. 3 , our separation procedure, although complex, is transparent and reproducible. A decisive step in the separation protocol was the purification of the microvascular segments by Percoll density gradient centrifugation (Fig. 3) .
Fine Structure of Isolated Myocardial Arterioles
Classical fluorescence and bright-field microscopy studies showed that all isolated myocardial arterioles with a diameter Confocal microscopy confirmed these observations. Preparations using enzyme-histochemical staining for AP with its red fluorescent reaction product indicated that the AP-positive tube, intermediate in the larger arterioles but the sole adventitial envelope of the endothelial tube in the precapillary arterioles, was formed by a cell type that is embedded, cocoon-like, in a continuous AP-positive ECM of interwoven filamentous and microgranular or vesicular elements. With a width of 2-4 m, this matrix, together with its embedded cells, was remarkably thick (Fig. 4, D 
-J).
These cells that obviously produced the ECM laid very closely packed and had "antler-like" processes with which they continuously enveloped or engirded the endothelial tube, not only in the precapillary arterioles, but also in the larger (muscular) myocardial arterioles and even in the coronary arteries of all calibers in the connective tissue areas of the ventricular wall. The ECM as an essential part of the core tube of the complete arterial coronary system distinguished itself from all other myocardial structures also by the expression of the hemostasiologically important TF (Fig. 4, K and L) , i.e., that membrane component that, once in contact with blood, immediately initiates coagulation processes.
AP, TF, and the presence of the cocoon-like ECM already strongly implied that the cells forming the outermost layer of the precapillary arterioles and that enveloped the endothelial core tube of all muscular myocardial arterioles and coronary arteries (forming there the intima) were not SMC. This conclusion is strengthened in Fig. 4 , M-O. SMC encompass solely the thickest branch of the arteriolar junction in this image and, reflecting their high content of ␣-SMC-actin, show a far more intense (10 times higher) green fluorescence than the cells encompassing the precapillary branches. All arteriolar preparations studied using these techniques (n ϭ 28) showed that the transition from muscular arteriole to precapillary arteriole was always quite abrupt, with the latter possessing no SMC at all (Fig. 4, K-N, and Q) . Hereafter, we refer to former cells, which separate the endothelium and the SMC of the entire coronary arterial system, as pericytes. Although generally known as companions of capillaries in the microvascular systems of organs, pericytes have, to date, not been described in arteriolar vessels, let alone arteries. Of interest was also the observation that these cells still expressed AP in the whole arterial limb of the myocardial capillary networks (see Fig. 6D to compare), albeit with the intensity decreasing downstream, together with decreasing thickness of the ECM (shortly before the junction with the respective postcapillary venule between the capillary pericytes only ϳ100 nm).
Scanning electron microscopy (SEM) of the isolated muscular arterioles showed also that the typical pericytes entwined around the precapillary arterioles laid tightly packed and had extensively branched processes (Fig. 4, P and Q) . In such preparations the partly microparticular or granular structure of the ECM could also be observed occasionally (Fig. 4Q) . Complete proteolytic removal of the ECM revealed the extremely intimate connections between the delicate, filigree-like ends of the pericytal processes and the EC, giving the impression that the pericytes are practically "riveted" to the EC (Fig. 4R) .
Behavior of Muscular and Precapillary Arterioles Under Tissue Culture Conditions
Muscular arterioles introduced freshly into culture (Fig. 5Aa) began to disintegrate already after 2-3 h, highly selectively by the initial detachment and migration of the SMC. By 12 h, these cells had completely escaped from their remaining rudimentary parental vessel and were detected in the surrounding space (Fig. 5Ab) . Staining the culture for AP after Fig. 3 . High-performance density-gradient centrifugation in a custom-built centrifuge. A: cross-section through the rotor: 1: rotor axle; 2: rotor head; 3: centrifuge glass containing a Percoll density gradient; 4: counter-weight glass; 5: centrally fixed tube holder; 6: capillary tube for introducing the density gradient and for aspiration of the separated bands; 7: tube for sample application; 10: stroboscopic light. Inset: tubing holder in detail: 8: tubing seal; 9: steel pressure disc; 11: lid; 12: centrifuge cover. B: fractionation of colored marker beads for calibration of the Percoll density gradient, images were obtained using the light from the built-in stroboscopic lamp; a-d: gradual underlayering of the preformed gradient after adding a suspension of marker beads in water; e: sharpening of the bands by high-speed centrifugation; f-j: fractionation phases at low speed. C and D: graphic representation of the separation of marker beads (left) and vessel segments (right). I, venules; II, arterioles; III, capillaries and debris.
1 day showed the enzyme now only on the pericytes that were either compacting or spreading out on the vessel remnant (Fig.  5Ac) . Surprisingly, there was still abundant expression of ␣-SMC-actin on the remnant vessel (Fig. 5Ad) . Even after 1 day, the remnants of the endothelial tube could be recognized (Fig. 5Ae) . The latter began to separate from the ECM and to spread out on the second day. The cellular disintegration of precapillary arterioles in culture proceeded analogously, with the exception that no SMC were present. Confocal imaging showed particularly clearly that the limiting event in the detachment and spreading of the pericytes was the degradation of the stable, AP-positive pericyte ECM (Fig. 5 , Ba and Bb), in which these cells were initially virtually captured. This method also showed that the spreading pericytes immediately began again to synthesize AP-positive material, which sprouted from their plasmalemmal surface (Fig. 5, Ca-Cc) . Freshly isolated or young pericytes budding off their parent cells therefore possessed much less AP than pericytes, which cocooned themselves completely in their ECM and thus anchored themselves to their substratum. This ecto-phosphatase was not only attached to the pericyte surface (see Fig. 8Cd ) but also exported into the neighborhood and incorporated into microparticles, which accumulated beneath neighboring EC (see Fig. 8Ce ). In addition to AP, the AP-positive cells of arteriolar origin expressed all the typical histological features and functions of isolated and cultured microvascular pericytes, which we characterized in extension elsewhere (50a).
EC of arteriolar origin did not express histologically detectable DAP, VE-cadherin, and ␣-SMC-actin, in contrast to those of venular origin (Fig. 6 , J and K; Refs. 32a and 50a) but could be identified by their typical growth behavior and morphology, presence of PECAM (CD 31) and thrombomodulin (CD 141), particularly high numbers of Weibel-Palade bodies (Fig. 5Da) , and their capacity to take up and store Ac-LDL (Fig. 5Db) . The accompanying pericytes expressed AP constitutively (Fig. 5Dc) , and in addition TF, ganglioside 3g5, ␤-receptor for plateletderived growth-factor, connexin 43, a strongly argentophilic ECM, and high levels of ␣-SMC-actin, as was described in detail elsewhere (50a).
Fine Structure and Behavior of Postcapillary Venules Under Tissue Culture Conditions
In contrast to myocardial arterioles, the proteolytic separation and isolation of largely intact postcapillary venules from the myocardium were rarely successful, because venules mostly disintegrated already during the proteolytic perfusion period of the ventricular preparations. The further preparation for microscopic investigation, pipetting, centrifugation, and staining (including brief exposure to organic solvents for permeabilization), worsened the damage to these fragile microvessels. The best views of the native cell architecture of freshly isolated, vital venules, at least from the adventitial side, were thus gained by phase contrast microscopy of the vital vessels (Fig. 6A) . These smallest venous segments in the myocardium were enveloped in contiguous pericyte tissue, the latter, however, with large intercellular gaps. The cell borders were readily recognizable, presumably by virtue of the only weak development of a stable, continuous ECM, and AP, as an ECM marker, was not detectable (Fig. 6B) . In contrast, DAP, a specific marker enzyme for postcapillary venules in myocardial sections (see Fig. 1B ), was also highly specific for the isolated venules (Fig. 6B) . In all venular preparations studied (n ϭ 14), the venular wall consisted of a very loose association of EC and pericytes (Fig. 6 , Ca-Cd). SMC were never observed, nor was it possible to demonstrate the presence of AP in venules, in contrast to its presence in arterioles and in the arterial limb of the capillary networks (Fig. 6D) . This again implied that venules lack the thick, interwoven ECM of the arterioles and arterial capillaries. After seeding of venular fragments in tissue culture (Fig. 6E) , it became clear that not only the EC but also the pericytes in the venular wall initially expressed high DAP activity. The pericytes soon (2-8 h) migrated from the wall of the initial vessel and spread out around the degenerating endothelial tube (which was usually still recognizable, Fig. 6E ). These cells also expressed TF and ␣-SMC-actin (not shown). SEM gave greater insight into the morphology of venular decomposition in tissue culture (Fig. 6F) . It became clear, for instance that from the beginning the EC established central colonies with the typical "paving-stone" architecture (see also video in Supplemental Data). The accompanying pericytes consistently surrounded the EC but now, no longer in direct contact with the latter, rapidly changed their phenotype to that of arterial pericytes and again expressed AP (Fig. 6, G  and H) . The presence of pericytes, with their "nursing" (50a), accelerated venular endothelial growth in these proliferating cultures remarkably (cell doubling time in presence of pericytes only 11 Ϯ 1.5 h, n ϭ 8; in their absence 16 Ϯ 2.1 h; n ϭ 8). Cultured EC of venular origin incorporated acetylated LDL (not shown) and expressed general endothelial markers, such as von Willebrand factor antigen (Fig. 6J) , and markers typical of endothelium involved in immunological recruitment processes, such as abundant DAP (Fig. 6, G and I) , PECAM-1 (Fig. 6J) , ICAM-1 (not shown), and VE-cadherin (Fig. 6K) . In contrast to arteriolar endothelium that stored von Willebrand factor antigen in far more abundant Weibel-Palade bodies (Figs. 4O and 5Da) , the expression of this protein in the cultured venular endothelium was weak (longer exposure times necessary) and diffuse, and Weibel Palade bodies existed only in direct vicinity of the nuclei (Fig. 6J) . In addition, EC of postcapillary venular origin expressed unusually high concentrations of ␣-SMC actin, although the concentration of this contractile protein was approximately times higher in pericytes and seven times higher again in SMC (50a).
Homogenous Preparations of EC and Pericytes from Organ Cultures of Purified Precapillary Arterioles and Postcapillary Venules
Organ cultures, established from the peak maximum of the vessel yield I and II after Percoll density gradient centrifugation (Fig. 3) , were the starting point for the purification of the different vascular cells. The organ cultures were inspected microscopically in the first days after seeding and, if necessary, purified further using sterile spatulas. From one human heart, we were able to establish 100 -200 cultures of each vessel type in standard 35-mm Petri dishes. The subsequent characteristic and spontaneous segregation of pericytes and EC of venular origin (Fig. 6 , G and H) in culture was due to the vigorous growth of the former, displacing the latter (see Fig. 7 , Aa-Ad; also see time-lapse film in Supplemental Data), and allowed the successful establishment of pure cultures of both cell types. After extensive areas of EC colonies (Ͼ5 mm diameter) had formed, these could be separated simply from their pericyte fringe using sterile spatulas under microscopic observation (Fig. 7 , Ba-Bc) and the detached pericytes reseeded. A more convenient method than the time-consuming mechanical separation, comprised incubation of the mixed culture at 37°C for 30 min in a 0.1% dispase II solution (Fig. 7, Ca-Cd) . After either of these procedures, the pericytes, now only weakly adhering, could be removed using syringes or pipettes or, most reproducibly, with a custom-built rinsing apparatus (technical details are shown in Fig. 7D ) and subsequently reseeded and grown in highly pure cultures [see also (50a) ]. Figure 8 shows major histological characteristics of the SC-PAO or SC-PVO established on Transwell insets, as well as the technical features of the custom made filtration system The upper panel within the red frame (Fig. 8Aa) is a transmission electron micrograph of a cross-sectioned vascular EC monolayer, showing the extent and the considerable degree of organisation of the normally closed, overlapping clefts (endpoints marked by black arrows) of venular endothelium. The SEM pictures below show the continuous cellular barrier of such a confluent cell sheet. The clefts appear as zipper-like structures (white arrows in the inset). The loose network of pericytes (Fig. 8Ab, green frame) on the lower surface of the filter leaves large areas of the filter uncovered (black arrows) and thus seems likely to have little, if any, influence on the L P of the SC-PVO (measurements subsequently confirmed this conjecture, see below). In contrast, pericytes of arteriolar origin in contact with their appropriate endothelial culture (SC-PAO) enveloped themselves increasingly in a thick ECM that contributed significantly to the barrier behavior of the SC-PAO (and their contours could no longer be seen in SEM pictures). Using well established methods (31), we were able to show that within the period of our standardized cultivation procedure only 0.5 Ϯ 0.2% (12 cultures from 12 donors) of the filter pores were occupied by cellular processes from EC and/or pericytes.
Model for the Measurement of Diverse Barrier Functions of Microvascular Vessel Walls Reconstructed In Vitro
The technical details of the custom-built apparatus for measuring hydraulic conductivity are shown in Fig. 8B .
The presence or lack of an ECM could already be demonstrated macroscopically after staining sandwich cultures for AP and DAP (Fig. 8, Ca-Cc) . Figure 8Ca shows the unspecific yellow color of a SC-PVO after negative staining for AP, but additional staining of such preparations for DAP showed the intense red product of DAP at the surface of the venular endothelial cells (EC; Fig. 8Cb ), as was seen characteristically also in appropriately stained venules either in situ in the myocardium or freshly isolated. In contrast, analogous double staining of SC-PAO yielded the intense blue color (Fig. 8Cc) , which, as described above, is characteristic of AP and a well-developed arteriolar ECM (and the arteriolar EC were not stained red due to the lack of DAP). Inspection of high-power phase-contrast micrographs of analogous mixed cultures stained for AP focused in the plane of the pericytes (Fig. 8Cd ) or in that of the EC above them (Fig. 8Ce) showed masses of AP-positive (blue) ECM material in microparticular form emanating from the pericytes both in their immediate vicinity and as a deposit directly below the EC. These sandwich cultures of arteriolar origin were characterized by a lower L P and distinctly higher selectivity values for albumin than those of venular origin (see Fig. 9 ).
Measurement of L P and SI for Albumin Transport in Different SC-PVO and SC-PAO
As shown in Fig. 9 , the L P of control SC-PVO cultures in a human plasma-like medium (filtration medium) was substantially lower (2.6 Ϯ 0.3·10 Ϫ7 cm·s Ϫ1 ·cmH 2 O Ϫ1 ; n ϭ 10) than that of cultures incubated in standard culture medium (DMEM containing 10% v/v FCS; 1.4 Ϯ 0.1·10 Ϫ6 cm·s Ϫ1 ·cmH 2 O Ϫ1 ; n ϭ 10). Simultaneously, the SI for the transmural movement of albumin fell from 0.9 Ϯ 0.03 to 0.5 Ϯ 0.04 (n ϭ 10 in each case). In contrast, the mean L P of SC-PAO in plasma-like medium (L P ϭ 3,2 Ϯ 0,5·10 Ϫ8 cm·s Ϫ1 ·cmH 2 O Ϫ1 ; n ϭ 37) was only about one-tenth of that for SC-PVO, nor did it increase on exposure to serum-containing medium. In addition, the SC-PAO barrier was almost impenetrable for albumin (SI: 0.9 Ϯ 0.02; n ϭ 30) under all conditions.
The L P of filter cultures with a confluent venular EC layer
; n ϭ 8) was substantially higher than that of cultures of these EC in contact with their pericytes (2.6 Ϯ 0.3·10
, n ϭ 8), while that of similar filters carrying solely a venular pericyte layer was ϳ100 times higher. SC-PAO behaved quite differently. The L P and SI of arteriolar confluent endothelial monolayers alone (8. ; 0.95), and filters carrying solely 3-wk-old cultures of pericytes with their well-developed ECM (see Fig. 8Cc ) were quite tight (L P : 2.6 Ϯ 0.6·10
; SI: 0.9; n ϭ 10).
DISCUSSION
Enzyme-Histochemical Identification of Human Left Ventricular Arterioles and Venules
AP is a very typical marker enzyme for the entire arterial side of the coronary system. A conspicuous finding, made Fig. 4 . Wall structure of precapillary and muscular arterioles isolated from human left ventricular myocardium. A-C: fluorescence micrographs of a muscular arteriole after staining for ␣-smooth muscle cell (␣-SMC)-actin (red), von Willebrand factor (vWF; green), and AP (blue). D: precapillary arteriole after immune-histochemical staining for ␣-SMC-actin (green) and enzyme-histochemical staining for AP (red). Image is a maximal intensity projection obtained by confocal microscopy after scanning 30 layers each 1.0 m apart. E-J: scanned images in planes demonstrating the extracellular matrix (ECM) cocoon, from the outermost part of the upper surface of the vessel (E and F), 6 m deeper (G and H), and a further 9 m deeper (I and J) in the midline of the vessel course. K: transition from a muscular arteriole to a precapillary arteriole (frame). SMC of the former are stained for ␣-SMC-actin (red). Pericyte sheath (see enlargement in L) in the abruptly beginning precapillary arteriole is stained for TF (green). M-O: segment of a muscular arteriole with its precapillary arteriolar branches. Weibel-Palade bodies in the endothelial tube fluoresce red, and the intense green fluorescence indicates ␣-SMC-actin in the smooth muscle cells, the weak green fluorescence indicates the pericyte layer. P and Q: scanning electron microscopy (SEM) of a precapillary arteriole and a muscular arteriole, respectively. Q: typical abrupt transition to the precapillary extension of a small muscular arteriole. The latter is practically the continuation of the muscular arteriole's double-layered-EC and pericyte-inner tube. Partial proteolytic dissociation of this emerging vessel segment loosened the cellular components such that the shear forces resulting from arteriolar fixation pulled these apart, revealing informative structural details (which are not apparent in the intact precapillary arteriole in P). For clarity, the recognizable mural structures in Q are underlayed with colors: SMC, green; pericytes, yellow; residual granular oder fibrillar components of the ECM (which originally enveloped the pericytes completely), blue; central endothelial tube, red. R: higher magnification showing the connection between a precapillary arteriolar pericyte and the underlying endothelium. White arrows indicate tiny holes in the endothelial surface where terminal processes of the pericyte were broken off in the course of preparation. initially in the larger and smaller arteries, was that AP was not expressed in the media but selectively in the subendothelial cell layer of the arterial intima. This was of particular interest in view of our recent finding of a subendothelial cell population (subsequently identified as pericytes) constitutively present in the intima of human aorta and healthy large human veins (32) . There, however, AP was expressed only when endothelial damage exposed these cells to serum. Thus, in contrast to the arteries of the coronary system, AP in large vessels of the systemic circulation serves as a marker for pericyte activation in the intima. In the coronary system, the constitutive myocardial arterial AP activity extended downstream into the arterial limb of the capillary bed, albeit diminishing rapidly and being absent in the venous limb of the capillary bed. Conversely, DAP activity began to appear in this region, increased rapidly downstream to a maximum in the bizarre, root-like form of the postcapillary venular complexes, and subsequently disappeared again after the transition to the next order of veins. In confocal image (maximal intensity projection) of isolated arterial capillaries stained immune-histochemically for ␣-SMC-actin (green) in pericytes and enzyme-histochemically for AP incorporated in the ECM (red). Innumerable red-stained microparticles are evidence for the granular structure and the partial proteolytic degradation of the pericyte ECM, which otherwise completely envelops capillaries in the arterial limb of the myocardial microcirculation. E: postcapillary venule 8 h after seeding in tissue culture, bright-field image after staining for DAP; EC clumped ECs from the former core tube. P, pericytes. F: SEM of a specimen analogous to E. G: mixed culture of venular ECs (staining for DAP) and pericytes (blue staining for AP) after 1 wk in culture. H: colonies derived from a highly red purified venular preparation 2 wk after seeding in multiple circular spots (3-4 mm diameter) in a 6-cm diameter Petri dish. Contaminating pericytes (blue) surround the endothelial colonies (faint orange). I: fully differentiated, spot-like colonies of purified venular ECs (red staining for DAP). J: immunofluorescent staining of homogenous confluent cultures of ECs of venular origin for platelet EC adhesion molecule (green), vWF (red), and nuclei (blue). K: as in J, staining for VE-cadherin. the myocardium, therefore, DAP is a marker for vessel conglomerates formed by the venous capillaries and postcapillary venules, i.e., that part of the microvasculature that is specialized for recruitment of the immune defense (1, 25, 56) . The schematic topography of the coronary microvascular architecture proposed in Fig. 1 is remarkably consistent with the far earlier studies of Brown (8) using Indian Ink injections. Brown also described the conspicuous postcapillary venule complexes ("turnip root venules") for the first time, which have not been described in any other organ as yet. Each of these venules was already a collecting vessel into which (up to) dozens of capillaries discharged. Our studies showed clearly that the plane of sectioning had a decisive effect on the vessel type seen in the section (arterioles and their downstream capillaries, or venous capillaries and their post capillary venules). This is certainly a major reason for the frequently reported discrepancies in studies using double staining for AP and DAP to assess capillary density (10) .
Our findings are also consistent with the optical sectioning studies of Kassab's et al. (33, 35-37 ) on elastomere casts of the porcine coronary system, and indeed our cellbiological studies at the microcirculatory level extend the latter.
Descriptions of myocardial microvascular architecture based on corrosion casts and evaluated using SEM (2) also concur well with our findings. In particular, we could confirm that the diameter of genuine myocardial arterioles is in the range 8 -100 m, and the mean diameter of all arterioles measured in the present histological study (18 Ϯ 3 m; n ϭ 162) was close to the 16.5 m measured for the canine heart (2). In our experience, in human ventricular tissue, there is always an abrupt transition from the larger, upstream myocardial arterioles with their smooth muscle layer (muscular arterioles) to nonmuscular, terminal arterioles at a diameter of ϳ20 m. The lower mean diameter (18 m) of the continuum of myocardial arterioles strongly implies that these pericyte-engirded (see below) resistance vessels constitute the majority of all myocardial arterioles (see also Refs. 21, 28, 53). (2); holders for inflow (3; rinsing solution HES) and aspiration (4) cannulae (inner Ø 0.8 mm); 5: transparent, autoclavable hood; and 6: infusion pump adjusted to a flow rate of 45 ml/min. Position of the inflow tube holder was controlled by a computer 7 running custom-written software that generated a meandering movement 8 of the inflow cannula across the bottom of the culture dish, thus rinsing the entire culture uniformly with optimized shear forces.
Isolation and Purification of Precapillary Arteriolar and Postcapillary Venular Vessel Segments
The ventricular myocardium is a firm and richly vascularized tissue. Besides the mass of cardiocytes and the cells of the vascular and lymphatic systems, there are numerous other cell types such as fibroblasts, mast cells, macrophages, and interstitial cells of unknown function. In view of this cellular diversity, the ambitious goal of the present study, establishment of pure cultures of endarteriolar and postcapillary venular cell types, could only be approached by developing a strategy and protocol for first isolating the relevant microvascular vessel segments after gentle proteolytic disintegration of myocardial tissue, the principal experimental approach of which has been developed earlier (53) . A particularly important prerequisite in the experimental protocol was the commercial availability of reliable and strictly standardized collagenase and dispase preparations that guaranteed complete tissue disintegration while ensuring that the vessel segments retained their typical differences in specific density. These differences were very small but nonetheless adequate for tissue separation. Our custom-built cell separation centrifuge (Fig. 3) combined high-performance centrifugation with an unusually high separative efficacy. The main reason for this was that the formation as well as the fractionation of the density gradients was performed during continuous centrifugation, thus avoiding turbulence artifacts. Myocardial components separated using this method could also be purified effectively from possible microbial contaminants. The modification of the rotor for through- . Aa (red frame) and Ab (green frame): surface morphology of a confluent endothelial sheet of SC-PVO on top of a porous filter and a loose net of the appropriate pericytes on the lower filter surface, respectively. Aa, top: cross-section through 2 adjacent EC on top of the filter (transmission electron micrograph). B: custom-built apparatus for measuring hydraulic conductivity of sandwich cultures. a: Transwell chamber. b: disposable chamber system (parts b1-b5); its rise tube (b3) was filled with the fluid to be filtered from a reservoir (c). Hydrostatic pressure head to which the tissue layer was exposed was set (and maintained) by adjusting the pump rates of the outflow (d1) and inflow (d2) pumps. Filtrate was rinsed in a narrow outlet tube (b5) from which it was aspirated continuously via a fine steel capillary tube attached to a roller pump (d3). f: Water-filled beaker standing on a sensitive electronic microbalance, which, online-connected with a computer system (not shown) allowed the rate of filtration to be calculated and registered. C: enzymehistochemical stainings of various sandwich cultures. Ca: SC-PVO, negative staining for AP. Cb: as in Ba after positive staining for DAP. Cc: SC-PAO after staining for both enzymes but only the staining for AP was positive. Cd and Ce: high power phase-contrast micrographs of cocultures of ECs and pericytes after staining for AP focused in the plane of the pericytes (Cd; red arrows point to fine cell processes) or the ECs (Ce; black arrows).
flow operation allowed the prompt and very selective isolation of fragments and cells of postcapillary venular origin already during the proteolytic perfusion of the hearts. The methodological experience gained enabled the subsequent development of technically simpler separation protocols employing standard centrifugation techniques (50a).
Detection of Pericytes and Their Peculiar ECM as a Constituent Barrier Within the Wall of all Myocardial Arterioles
Both high-resolution confocal microscopy and SEM showed that the precapillary arterioles were consistently engirded with a single layer of cells that are completely enveloped, cocoonlike, in their ECM, the latter expressing uniformly high levels of the ecto-enzyme AP. This embracing matrix has long been regarded as very characteristic peculiarity of microvascular pericytes (74) , although current opinion still holds these cells to be restricted to the capillary system and the venules (13, 14, 65, 78) . Further evidence that the AP-producing and -exporting cells were not SMC came from investigations on their actin content, which was only one-seventh that of the accompanying SMC. After their successful isolation and cultivation, we have identified these cells in more histological detail and also functionally as genuine pericytes [see separate study (50a)].
In addition to the cell membrane of the pericytes, AP was also present in high concentrations in microparticular or microvesicular structures of the ECM, just resolvable with light microscopy (see Fig. 8 , Cd and Ce, and Ref. 50a), deposited on the abluminal surface of cocultured EC, leading to the recurring, but erroneous, belief that AP is an endothelial marker (20, 43, 57) . In this respect, the arteriolar pericytes resembled those in the subendothelium of the aorta and of large human veins after their activation (32) . Membrane-bound enzymes such as AP may be released from cells in forms that retain the lipid components that mediate their anchorage within membranes. Hydrophobic isoforms of membrane-bound enzymes are also able to undergo postrelease aggregation, both with themselves and also with other hydrophobic molecules (48) . Thus exported AP aggregates could confer a substantial degree of hydrophobicity on the pericyte-derived ECM layer enveloping the endothelial tube. Consistent with this view is the high affinity of the ECM for the lipophilic azo dye enzyme-histochemically formed to demonstrate AP activity. Not even organic solvents such as ethanol or acetonitrile were able to wash the dye out of the preparations. The putative lipid content, and hence lower specific density, of the ECM may also explain the successful separation of the lighter arterioles from the remarkably heavier venules (ECM largely absent) by density-gradient centrifugation. The even lower specific density of the capillaries may be accounted for by their very high proportion of cell membrane (see Fig. 3D ).
The above considerations are of considerable functional relevance, since the filamentous, and at the same time microparticulate, ECM appeared, at least in confocal images, as a particularly dense barrier that contributed substantially to separation of the endothelial tubes from the extravascular space of precapillary arterioles. Indeed, the pericyte layer with its ECM cocoon around the inner endothelial tube was also consistently apparent in the muscular arterioles. Its presence may explain the old paradoxical observation that a whole group of hydrophilic substances act as vasoconstrictors in direct contact with the vascular smooth cells of an artery but are potent vasodilatators when present intravascularly. Such vasoactive compounds can induce a rapid release of nitric oxide from the arteriolar endothelium (6) . This small, lipophilic, and therefore extremely rapidly diffusible, molecule can obviously reach the contractile cells of the resistance vessels promptly, and there mediate the originally unexpected and strong vasodilator effect of the triggering compounds ("paradox effects of vasoactive substances like acetylcholine"; Ref. 16) .
The finding that the great majority of the arterioles in human myocardium that play the key role in the control of myocardial vascular resistance (i.e., those with diameters Ͻ20 m) have no SMC, but rather a pericyte coat, sheds new light on hitherto accepted models of blood flow regulation and relevant pharmacological reaction mechanisms. One fact appears to be clear: the role of the pericytes in the control of blood flow, while repeatedly suggested (15, 34, 39, 40) , has been greatly underestimated. It must be assumed that the tension of the SMC of the muscular arterioles is controlled by mechanisms very different from those controlling the pericyte/ECM barrier that separates the former from the endothelial tube and forms the sole contractile tissue of the terminal and most important resistance vessels. Numerous studies in arterioles in situ (e.g., Ref. 14), as well as our own in vitro observations (see Fig. 4R , and Ref. 50a) have shown extensive direct contacts between microvascular pericytes and their coordinated EC (gap junctions characterized by connexin 43 and peg-and-socket contacts), so that directly coupled pericyte and EC(s) very probably constitute a reactive unit.
New Insights into the Cytoarchitecture of Isolated Postcapillary Venules from Human Myocardium
Postcapillary venules, too, were characterized by a continuous endothelial tube and an adventitial pericyte coat, although the latter existed typically as a wide-meshed network (Fig. 6, A and C) . This characteristic morphology of the venular pericyte coat has been described for the first time for postcapillary venules from the frog bladder (82) . The net-like arrangement of the venular pericytes in human ventricular myocardium is in accord with the central role of postcapillary venules with regard to their central role in the recruitment of immune defense and inflammation (1, 25, 56) . Consistent with their fragile-looking morphology, proteolytic perfusion of the heart ventricles resulted first in the selective disintegration of these vessels. This accidental discovery was subsequently of considerable advantage for harvesting highly enriched fractions of venular segments by continuous through-flow centrifugation during the proteolytic perfusion process. Figure 10 summarizes in a simplified form our findings on the structure of the smallest functional units of the coronary circulation, comprising the end of a muscular arteriole (red arrow) giving rise to a precapillary arteriole and the latter's capillary system that discharges into a postcapillary venule.
New Anatomical Model of the Smallest Functional Unit of the Coronary Microcirculation
The situation is more complex in situ, since one muscular arteriole in the human myocardium normally gives rise to several endarterioles, the capillary systems of which are also interconnected and often drain into different postcapillary venules. Consistent with early findings (82) , in the capillary fraction after density gradient centrifugation of isolated coronary microvessels we frequently observed pericytes connected, bridge-like, to distant capillaries, hence, "belonging" to more than one capillary system.
Purification of Constituent Wall Cells of the Smallest Myocardial Arterioles and Venules and Reconstruction of the Microvascular Vessel Walls In Vitro
As far as we are aware, the establishment of extremely pure cultures of EC and pericytes of arteriolar and/or venular origin in the present study is a novelty. While methods for isolating and cultivating venular EC have been reported (49, 59) , there is no indication in those studies of the degree of purity, nor is there convincing proof for the venular origin of the resulting cultures, despite the availability of specific markers (19) . The same holds for the sole report on the isolation of arteriolar EC (together with cells of venular origin; Ref. 73) . Indeed, without the specially developed techniques, we were not able to obtain homogenous cultures of these highly specialized EC. With respect to the pericytes, we were not able to reproduce the results of studies employing selective growth media to obtain pure cultures of these cells (61) . Details of the successful isolation and identification of bulk amounts of these cells are described elsewhere (50a) .
Employing the Transwell cell culture system, we were able to establish sandwich cultures as described recently (50) , with EC on the one side of the filter-like substrate and the appropriate pericytes on the other. Readily realized double staining for the marker enzymes AP and DAP with bright-field or phase-contrast microscopy allowed the state of the cultures to be monitored simply. The apparatus (Fig. 8B) developed for the measurement of the hydraulic conductivity and selectivity indices for the transmural movement of various solutes also allowed the cultures to adapt to the plasma-like incubation medium and the routine hydrostatic pressure gradients. The latter are known to influence the initial water transport substantially (3). The gravimetric measurement of filtration rates using a computer-controlled electronic microbalance allowed continuous registration of the filtration rate, and alterations thereof could be detected with an accuracy of Ͻ100 l.
With respect to the comparison between the pericytes of arteriolar and venular origin, we noticed that the latter began to express AP soon after their separation from their EC, although this marker is not normally present in the venular wall. In sandwich cultures with venular EC, however, this enzyme activity rapidly disappeared again. Since direct contact between the EC and pericytes through filter pores during the establishment of the sandwich cultures (during 1 wk) could definitely be excluded (we dealt with unstimulated cells and the ECM of the pericytes prevented apparently the penetration of pericyte processes at least in the routinely prepared sandwich cultures), the mutual influence exerted by these cell types in the sandwich cultures on each other's degree of differentiation is mediated by release products. Indeed, we showed recently that luminal EC and the coordinated subendothelial pericytes in the intima of large human veins exert a strong mutual influence on each other with respect to growth and proliferation (32) , if they were cocultured in the sandwich manner.
Basic Filtration Studies and Perspectives
The initial experiments with our in vitro models of terminal arteriolar or postcapillary venular vessel walls showed very clearly that the arteriolar wall is a practically impenetrable barrier with respect to L P and albumin permeability, irrespective of the presence or absence of inflammatory mediators (as in serum). The venular wall model, on the other hand, behaved very differently. Apart from the generally higher L P , the degree of tightness decreased rapidly on replacing plasma-like medium by serum-supplemented medium (naturally containing inflammatory mediators). This was consistent with our studies on the influence of platelet-and neutrophil-derived plateletactivating factor and leukotriene LTB 4 on the barrier function of our in vitro models (32a) and the wide, impressively selective opening of the venular endothelial intercellular clefts not only in this model but also in the postcapillary venules in inflamed tissue regions (where serum is always present), thus initiating the development of inflammatory edema (11, 46) .
The basal L P of tissue barriers of precapillary arteriolar origin (SC-PAO; 3.24 Ϯ 0.52·10 Ϫ8 cm·s Ϫ1 ·cmH 2 O Ϫ1 ; n ϭ 37) was an order of magnitude lower than that of sandwich cultures of EC and pericytes of postcapillary venular origin (SC-PVO; 2.55 Ϯ 0.32·10 Ϫ7 cm·s Ϫ1 ·cmH 2 O Ϫ1 ; n ϭ 10) in plasma-like medium. This was probably due to the higher degree of organization of the intercellular junctions of the arteriolar endothelium and the presence of a thick and continuous ECM organized by the arteriolar pericytes below the endothelial sheet.
Endothelial junctions in venules proved to be generally less organized than those of the arteriolar endothelium (62) (63) (64) , and permeability studies on isolated venules (54, 77, 79, 80) and arterioles (30, 38) revealed that isolated venules were more leaky than isolated arterioles. We therefore conclude that the observed features of our two in vitro models principally reflect the situation in the respective intact vessels. The higher permeability of venular walls is, in our opinion, less a matter of their physical properties but rather reflects the extraordinary activatability and contractility of their peculiar endothelium. This normally quite tight tissue barrier, specialized for the exchange of cells and macromolecules (1, 25) , expresses conspicuously high levels of contractile proteins (7, 17, 18, 41, 70, 71, 81 , and this study), the function of which in the cell is enhanced strongly during contact with diverse inflammatory mediators (23, (25) (26) (27) . In short, venular permeability is more strongly controlled by biochemical mechanisms than many microperfusion studies have suggested. On the other hand, the arteriolar endothelium cannot readily be perturbed and its barrier functions are mainly determined by its physical features. It is thus difficult to compare the L P and SI values from our studies with values from isolated perfused venules and arterioles and to explain the observed dicrepancies. However, in the course of the vessel wall preparations local release of inflammatory mediators and wall microtraumata cannot be excluded, so that the reported L P values determined for the respective microvessels should be higher than the measured values in our model, at least for the venules. This is obviously the case. One explanation could be that mechanically induced endothelial or intimal microlesions have substantial effects on wall permeability. In our model, even the smallest scissures in the endothelium or irregularities in the cell architecture (e.g., due to minimal contamination by pericytes or SMC) resulted in a measurable increase in permeability (this study). To avoid these problems, our sandwich cultures were allowed to adapt to physiological pressure conditions in a plasma-like (but serumfree) medium for days, while mechanical damage could be largely excluded by the design of the apparatus. It must, however, be taken into consideration that our in vitro flow and shear force conditions are by far not comparable to those in microperfused vessels, nor do we know whether the cultured endothelium has an intact glycocalyx, the existence of which in traditional EC cultures is controversial (52).
As implied above, it was very clear that the pericyte layer in the venular model had practically no influence per se on the L P , in contrast to the situation in the arteriolar model. The low L P of the latter presumably reflected the functional impact of the dense, AP-containing ECM. Since the L P for the SC-PVO in human plasma is similar to the L P for pericytes with ECM from precapillary arterioles, it can be concluded that confluent pericytes plus ECM impart a similar barrier function as a confluent endothelial venular monolayer. However, it should be noted here that the maintenance of fully differentiated, homogenous pericyte tissue required the presence of species-autologous fetal serum in the growth medium as described elsewhere (50a). It is thus possible that the L P values for homogenous pericyte layers measured in the present study (culture of human pericytes in media supplemented with heterologous FCS) did not correctly reflect their contribution to the observed tightness of the complete arteriolar barriers in vivo.
Perspectives
In the foregoing, we have reported the successful construction of practical, viable, and histologically well-characterized models of the myocardial precapillary arteriolar and postcapillary venular vessel walls that will allow in vitro experiments under defined and reproducible conditions. It thus now seems possible to obtain more detailed information on the transmural transport, metabolism and pharmacological action of relevant substances in these interesting vascular regions. In addition, our preparatory histological studies have generated new insights into the wall structure of human myocardial arterioles and venules, so providing a new basis for planning and interpreting future experiments on the regulation of microvascular blood flow and barrier functions.
